Phage infection of Vibrio cholerae resulted in antigenic changes. A strain of biotype cholerae serotype Ogawa was converted into serotype Hikojima and gained the ability to synthesize antigenic factor C. Some phage-converted strains remained stable after subculture and were immune to superinfection with the same phage. The stable converted strains were lysogenic and released phage having a host range similar to the phage of the donor strain. Reinfection of unstable converted strains which had "lost" antigen C yielded types able to again synthesize this antigen. The polymyxin resistance character was expressed in the biotype cholerae strain after infection with some phage preparations. These polymyxin-resistant strains possessed three main characteristics of El Tor vibrios. The phage-induced changes described provide V. cholerae with the potential for innumerable genetic combinations.
Lysogeny in Vibrio cholerae biotype eltor was first reported by Newman (Bacteriol. Proc., p. 77, 1960) and later by others (4, 18) . The general extent of lysogeny in biotype eltor and the morphological and biological properties of El Tor phages have been investigated (7, 19, 21) . A correlation exists between pathogenicity and lysogeny in both the El Tor and classical strains of V. cholerae (9, 18) . Newman and Eisenstark (7) suggested that phage conversion may account for the hemolytic properties of biotype eltor; they also found that V. cholerae biotype cholerae may be lysogenized with temperate phage from El Tor strains.
In this paper we present evidence of bacteriophage conversion affecting the serotype of V. cholerae biotype cholerae. What appeared to be transduction of the polymyxin resistance character by phage from a biotype eltor to a biotype cholerae also occurred with some phage preparations. Stable lysogenization of the host strain was demonstrated by (i) i,munity of the converted strain to superinfection with the same phage after five single colony subcultures in broth and (ii) production of phage by the converted strains after the fifth subculture, which had a host range similar to the phage from the donor strain.
MATERIALS AND METHODS
Bacterial strains. The V. cholerae strains were isolated at the Central Health Laboratory, Kathmandu, Nepal, from stool specimens collected from clinical cases of Asiatic Cholera. Stock cultures were maintained on nutrient agar slants held at room temperature. The main characteristics of the strains are listed in Table 1 .
The biotype determination was made on the basis of sensitivity to 50 IU of polymyxin B (Difco) using the disk test (5) , the Voges-Proskauer reaction performed on cultures grown in MR/VP medium (Oxoid) at 22 and 37°C, and the chicken erythrocyte agglutination slide test (3) . Strains designated biotype eltor were not sensitive to polymyxin B, were Voges-Proskauer positive at both 22 10 ml of broth and incubated overnight. A nutrient agar plate was streaked with a loopful of broth culture and incubated. Isolated colonies were streaked onto nutrient agar slants to establish stock cultures from single colony isolants. These stock cultures were coded with a number followed by "TP" to indicate treated with phage.
A second method (the plate method) was the use of a soft agar overlay containing 0.2 ml of phage and 0.3 ml of an overnight broth culture mixed in 3 ml of agar containing 2 x 10-2 M CaCl2. After incubation of the plates for 2 h at room temperature and then for 24 h at 370C, isolated colonies from areas of confluent lysis were picked, and each was placed in 10 ml of broth. After incubation, this broth culture was tested for its polymyxin reaction and serotype(s) using the same procedure as in the broth method. Stock cultures of the phage-treated strains were established.
Procedure for testing stability of phage-converted characteristics. A loopful of growth was transferred from a stock culture coded TP into 10 ml of nutrient broth. After overnight incubation at 370C, the culture was streaked onto nutrient agar to obtain isolated colonies. A single colony was picked and used to establish another broth subculture. Each subculture was screened for retention of the phage-induced characteristic(s).
Test for lysogenicity and immunity of the phage-converted strains. Lysogenicity of the TP phage-converted strains was determined after the fifth broth subculture by two methods: immunity to infection with homologous phage and release of phage with a host range similar to that of phage donor strains. Immunity to homologous phage was determined by cross-streaking nutrient broth cultures across a band of phage from a donor strain on nutrient agar as well INFECT. IMMUN.
as by spotting a lawn of a TP strain with a donor phage preparation. The supernatant from 24-h broth cultures and the supernatant collected from UV-induced TP strains were tested for the release of phage by spotting lawns of "indicator" strains of bacteria.
RESULTS
Strain 029 (V. cholerae biotype cholerae serotype Ogawa), when treated with phage preparations obtained from strain 1633 (V. cholerae biotype eltor serotype Hikojima), exhibited changes in serotype and/or polymyxin resistance ( Table 2 ). Strain 029 was treated with phage released from a heat-induced culture of 1633, and 11 cultures were established from single colonies. Of these, eight exhibited changes: two gained only the polymyxin resistance characteristic, five gained both polymyxin resistance and the ability to agglutinate in Inaba typing serum, and one remained polymyxin sensitive but gained the ability to agglutinate in Inaba typing serum. (Agglutination in Inaba typing serum indicates that the cells have the ability to synthesize antigenic factor C.) Similar results were obtained using a phage preparation from an UVinduced strain of 1633. Twelve of fourteen isolants had undergone changes: five gained only the polymyxin resistance characteristic, four were polymyxin resistant and exhibited antigenic factor C production, and three remained polymyxin sensitive but agglutinated in Inaba typing serum. In a later independent experiment using the broth method and phage released from strain 1633 after heat treatment, six out of ten cultures established from single colonies gained the ability to agglutinate in Inaba typing serum, but none exhibited polymyxin resistance. The frequency of occurrence of the polymyxin resistance characteristic was not determined in these experiments, but the results indicate that the polymyxin resistance character appeared to be transferred independently of antigenic factor C. Significant was the observation that antigenic factor C occurred in high frequency in phagetreated cells. This level of expression of a serotype characteristic suggests that antigenic factor C production is associated with the infection of 029 cells with phage from 1633.
The phage-induced changes of selected isolants were subjected to stability testing, and the polymyxin resistance characteristic (pol+) was found to be unstable in most but not all of the TP cultures (Table 3) . Of the four isolants tested which had gained only the polymyxin resistance character, one (31TP) retained the property through five subcultures. One isolant (26TP) which had the dual characteristic (C pol+) retained its polymyxin resistance character but lost antigenic factor C on the fifth subculture. The polymyxin resistance character may be transduced by the phage from strain 1621 into strain 029. If so, in most cases the exogenote apparently is not integrated into the endogenote and the polymyxin resistance character does not persist in the unstable heterogenote. The two TP strains (26TP, 31TP) which retained the polymyxin resistance character through a number of subcultures became useful later for studies on biotype changes.
A phage-induced characteristic was considered stable if it survived five subcultures. Of the eight TP isolants screened exhibiting the dual characteristic (C pol+), six retained antigenic factor C, even though seven had lost the polymyxin resistance character. Two of the four isolants which had been converted only to Hikojima serotype maintained the characteristic. The production of antigen C appeared to be correlated with the presence of the 1633 phage genome in the converted strains. The loss of antigenic factor C in some TP isolants could have Those TP cultures which maintained the antigenic factor C on transfer and carry the 1633 phage genome should be lysogenic as well as immune to infection with homologous phage. Table 4 shows the results from spotting phage preparations onto lawns of bacteria. These immunity and lysogeny tests indicate that those strains which had antigenic factor C after five subcultures in broth were immune to infection with phage from strain 1633 (the original phage donor) and also to phage from 029 (the original recipient strain). The phage released by the stable "converted strains" had the same host range as the phage from strain 1633. The original recipient strain 029 was lysed by the phage released from the stable antigenic factor C convertants, but not by the phage from strains 26TP and 32TP which had lost the ability to produce antigen C. These two isolants had become nonlysogenic for the 1633 type. Again, the frequency of the occurrence is typical of a phage conversion system. No polymyxin-resistant isolants were recovered from the phage-treated culture of 029 or strain 15TP, but relatively few cells were screened. Three of the four phage-converted strains of 26TP, five of the six tested phage-converted strains of 029 and all five of those from 15TP remained stable after five transfers. Only one of the phage-converted strains of 31TP was tested, and it lost antigen C on the third broth subculture.
Phages from 1633 and 2001 propagated on strain 029 had the ability to convert strains 029, 15TP, 26TP, and 31TP to Hikojima serotype. Thus, the strain on which the phage was propagated did not apparently affect the expression of the 1633 or 2001 phage genome in a recipient cell. Also, strain 029, subsequent to infection with phage in a supernatant collected from a UV-induced culture of strain 1633, yielded isolants which agglutinated in both Inaba and Ogawa typing serums. These results indicate the 1633 phage genome caused induction of antigenic factor C production by cells of strain 029.
As described previously, phage from strain 1633 apparently transduced the polymyxin resistance character from a biotype eltor into biotype cholerae strain 029. The question arose whether other biotype eltor characteristics were associated with a strain being resistant to polymyxin B. The stable polymyxin-resistant "transductants" of strain 029 were tested for ability to agglutinate chicken erythrocytes and ability to produce acetylmethylcarbinol at 22°C (Table   6 ). The polymyxin-resistant strains (26TP, 31TP) agglutinated chicken erythrocytes and were Voges-Proskauer positive at 220C. These transductants then possessed three main characteristics that distinguish the biotype eltor from biotype cholerae (14) . Some of the phageconverted strains which possessed the polymyxin resistance character on original isolation but lost this character on transfer (strains 7TP, (14) . This system of phage conversion influencing the production of an antigenic factor is similar to that reported in Salmonella (20) and in Campylobacter fetus (formerly designated V. fetus) by Ogg and Chang (8) . However, in C. fetus and in some of the phage-converted Salmonella, one of the cell's original antigenic factors was lost or repressed on subculture. The stable converted V. cholerae strains maintained their original type-specific antigens as well as the "new" antigenic factor C after five subcultures in broth.
The data indicate that the loss of antigenic factor C in the unstable phage-converted isolants was associated with a change from the lysogenic to the nonlysogenic state in the cells for the original converting phage (Table 4 , strains 26TP, 32TP).
The Ogawa-to-Hikojima serotype change was induced in biotype cholerae by phage released from strains 1633 and 2001. Strains 1633 and 2001, even though of the same serotype, were isolated from clinical cases of cholera at different times. The temperate phage released by these two strains may be the same or different, but they have the same effect on the host cell: the induction of antigen C production.
This system of phage conversion may help explain some reports of serotype conversion in V. cholerae occurring under various conditions. Sakazaki and Tamura (13) (20) and C. fetus (8) .
More than one type of prophage may become part of the genetic complement of V. cholerae (Table 4 1962 and 1963) and postulated that such changes could be due to conversion of the antigenic patterns of vibrio strains in vivo or to possible conversions under in vitro environmental conditions. Local conversions in the strains of vibrio rather than importation from outside could account for strains of different characteristics. In Nepal, fluctuations in the dominant serotype also have been occurring from one period to another (unpublished observations of the authors). Phage conversion as demonstrated in our work could be one source of such antigenic changes as occur in nature, since it is a highly effective system for introducing genetic information into a cell of V. cholerae. It may account for the origin of highly virulent strains which cause explosive and severe epidemics threatening the health of over half of the world's population.
Smith and Goodner stated in 1965 (17), "... .we are forced to the supposition that a vibrio may well contain latent information toward several syntheses as regard antigens and enzymes, but we have no understanding of the force which may activate these bits of stored information. One must also consider that in nature the vibrios probably have access to a great amount of information from other sources." We feel that the data presented in our paper identify one such source of genetic information available to the vibrios: the influence of temperate phage genomes on the synthesis of type-specific antigens and their ability to serve as a passive carrier of host genes. It also is well known that the introduction of virus genetic material into a cell can activate the expression of latent genetic information of the host chromosome.
